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TECHNICAL  NOTE  D-128 


FLAME  STABILITY  EFFECT  OF  GASES  EJECTED  INTO  A 

STREAM  FROM  A  BLUFF-BODY  FLAMEHOLDER 
By  Edgar  L.  Wong 


A 


SIM4ARY 


The  effect  of  gas  ejection  from  a  "bluff -"body  flameholder  on  the 
stability  of  premixed,  propane-air  flames  was  studied  using  the  following 
additives:  hydrogen,  air,  and  a  premixed  hydrogen- air  mixture. 


Hydrogen  ejection  from  a  flameholder  promotes  flame  stability  for 
fuel- lean  mixtures  but  is  very  deleterious  for  fuel-rich  mixtures.  By 
ejecting  a  premixed  hydrogen-air  mixture,  flame  stability  for  fuel-rich 
mixtures  was  improved.  Air  ejection  from  a  flameholder  results  in  the 
shift  of  the  equivalence  ratio  for  maximum  stability  to  richer  mixtures 
and  a  small  decrease  in  stability  depending  upon  the  amount  of  air 
ejected. 


Varying  the  amount  of  hydrogen  ejected  from  a  flameholder  did  not 
affect  the  recirculation  zone  length  for  a  gas  velocity  range  of  110  to 
300  feet  per  second. 


On  the  basis  of  the  air-ejection  results  a  method  of  estimating  the 
effective  gas  composition  in  the  shear  layer  adjacent  to  the  flameholder 
v  os  presented.  Comparison  of  the  variation  of  the  critical  time  and  the 
reciprocal  of  the  boundary  velocity  gradient  for  flashback  with  the  ef¬ 
fective  gas  composition  indicates  that  the  method  is  valid,  and  might  be 
used  to  predict  the  effect  of  additives  on  the  basis  of  fundamental  com¬ 
bustion  parameters. 


INTRODUCTION 

Recently,  several  investigators  (refs.  1  and  2)  have  reported  the 
effect  on  flame  stability  of  adding  small  amounts  of  various  gases 
to  the  flow  near  the  f landholder.  They  showed  that  the  blowoff  veloc¬ 
ity  for  a  propane-air  flame  could  be  increased  substantially  by  vising 
additives  like  hydrogen  or  oxygen. 
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Since  very  small  Mounts  of  additives  are  needed  to  produce  large 
flame -stability  improvement ,  this  technique  is  a  single  and  economi¬ 
cal  method  of  promoting  stability  of  flames  in  ramjet  engines  and 
afterburners.  Thus  it  is  desirable  to  investigate  the  optimum  way 
to  apply  this  technique.  In  addition,  a  better  understanding  of  this 
technique  would  add  to  our  knowledge  of  bluff -body  flame  stab! Illa¬ 
tion,  in  general. 

This  research  is  conducted  on  the  basis  of  the  Zukoskl  and  Marble 
flaneholdlng  model  (ref.  3),  which  indicates  that  flame  stability  is 
controlled  by  the  recirculation  zone  length,  an  aerodynamic  factor  and 
the  critical  time  tcr,  a  chemical  factor.  The  term  ter  is  that  time 
which  the  fresh  gas  spends  in  the  shear  layer  that  separates  the  fresh 
gas  stream  from  the  recirculation  zone  at  blowoff  (see  fig.  1),  and  ia 
the  ratio  of  the  recirculation  zone  length  to  the  blowoff  velocity. 

Thus  if  the  residence  time  t  of  the  fresh  gas  in  the  shear  layer  1b 
greater  than  t  ,  the  flame  is  stable.  If  it  is  less,  the  flame  blows 
out. 


The  effect  of  additives  on  the  flame  stability  of  a  propane-air 
flame  was  studied  in  a  1-  by  3- inch  duct  at  reduced  pressures,  using  a 
l/2- inch-diameter  flameholder.  The  additives  used  were  hydrogen,  air, 
and  a  p remixed  hydrogen-air  mixture.  Blowoff  pressures  (or  blowoff  ve¬ 
locities)  were  measured  as  a  function  of  amount  and  type  of  additives. 
In  addition,  the  effect  of  hydrogen  additives  on  recirculation  zone 
length  and  on  tcr  was  investigated. 

On  the  basis  of  the  effect  of  the  air  additive  on  flame  stability, 
a  stream  area  affected  by  the  additive  was  estimated.  This  result  was 
used  to  calculate  the  concentration  of  hydrogen  additive  in  this  stream 
area  us  a  result  of  hydrogen  ejection. 


SYMBOLS 

flashback  velocity  gradient,  sec 
P  blowo  f  pressure,  ata 

t  tine,  sec 

u  blowoff  velocity,  ft/sec 

p  equivalence  ratio 


t 
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Subscripts : 
cr  critical 

eft*  effective 

min  minimum 

0  no  additive 

1  tcr  values  at  any  pressure 

2  tcr  values  at  pressure  oi  0.55  atm 


APPARATUS  AXD  PROCEDURE 

The  1-  by  3- inch  duct  with  accessory  equipment  Is  shown  in  figure 
2  (detailed  description  in  ref.  4).  Portions  of  the  test-section  sides 
were  fitted  with  1-inch-thick  quartz  windows  to  permit  viewing  of  the 
flume.  Critical- flow  orifices  were  used  to  meter  fuel  and  air  and  to 
maintain  constant  mass  flow  through  the  duct.  Planes  were  blown  off  at 
constant  mass  flow  by  gradually  reducing  the  pressure  in  the  test  sec¬ 
tion.  The  teat-section  pressure  was  repeated  by  adjustment  of  the 
exhaust-valve  opening.  The  data  were  obtained  as  plots  of  blowoff  pres¬ 
sures  against  fuel  concentration  at  constant  mass  flow  or  Reynolds  num¬ 
ber.  Blowoff  velocities  were  calculated  on  the  basis  of  stream  flow  past 
the  flameholder. 

The  flamehold^r  was  an  uncooled  l/2- inch-diameter  brass  cylinder 
extending  across  the  short  1-inch  dimension  of  the  duct.  The  additive 
ejection  openings  consisted  of  twelve  l/l 6- inch -diameter  holes  arranged 
in  two  rows,  parallel  to  the  flaaeholder  axis  and  set  either  45°  apart 
with  ejection  in  an  upstream  direction  (fig.  3(a)),  180°  apart  with 
ejection  normal  to  main  flow  (fig.  3(b)),  or  45°  apart  with  ejection  in 
a  downstream  direction  (fig.  3(c)). 

The  additives  used  were  hydrogen,  air,  and  premixed  hydrogen  and 
air.  The  amount  of  additive  was  varied  up  to  3  "percent”  where  "percent” 
refers  to  percent  of  flow  per  unit  projected  flmneholder  area.  Thus  1 
"percent"  of  additive  is  equivalent  to  one-sixth  of  1  percent  of  the  to¬ 
tal  flow  through  the  test  section,  since  the  flameholder  projected  area 
flow  ic  one-nixth  of  the  total  flow.  The  additives  were  all  metered  by 
frit  leal- flow  orifices  prior  to  entry  Into  the  flaaeholder. 

All  the  additives  were  commercially  available  tanked  gases,  approx¬ 
imately  99  percent  pure.  Propane  fuel  (approx.  95  percent  pure)  and 
dried  air  were  the  main  combustible  mixture. 
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Recirculation  son e  lengths  were  Measured  by  Moving  an  electrically 
operated  water-cooled  probe  In  an  upstream  direction  Into  the  flaw 
(fig.  2) .  When  the  ceramic-coated  tip  of  the  probe  reached  the  recir¬ 
culation  zone,  luminous  yellow  gases  due  to  the  vaporization  of  sodlua 
salts  In  the  ceramic  were  carried  upstream  from  the  probe  tip  Into  the 
recirculation  zone.  Further  details  of  this  technique  sre  described  In 
reference  4. 

w 

RESULTS  w 

o* 

m 

Blowoff  Pressures 

Effect  of  hydrogen  additive.  -  The  blowoff  pressures  for  propane- 
air  mixtures  vitn  increasing  amounts  of  hydrogen  were  measured  as  a 
function  of  propane  concentration  at  various  mass  flows  corresponding 
to  Reynolds  numbers  of  2.2  to  6.4*10*.  The  hydrogen  additive  was  ejected 
in  the  upstream  position,  as  suggested  In  reference  1.  These  results 
are  tabulated  In  table  1.  A  typical  flame-stability  plot  of  blowoff 
pressure  against  fuel  concentration  qp  is  presented  in  figure  4  for 
Reynolds  number  of  4.:5*10*  (which  represents  a  mean  velocity  of  159 
ft/sec  at  pressure  of  1  atm).  The  present  data  agree  with  those  of  ref¬ 
erences  1  and  2  in  that  the  additive  effect  depends  upon  the  fuel  con¬ 
centration  of  the  main  combustible  mixture  and  upon  the  amount  of  hydro¬ 
gen  additive.  In  addition,  at  a  large  hydrogen-additive  flow.  In  lean 
propane-air  mixtures,  and  at  high  mass  flows,  there  exist  residual  flames 
as  described  in  reference  2.  These  are  small  flames  and  are  very  stable, 
but  do  not  propagate  into  the  main  portion  of  the  combustible  mixture . 

Thus ,  in  figure  4  the  dotted  lines  at  very  lean  qp  and  moderately  low 
pressure  represent  data  for  the  residual  flaw  blowoff  and  the  dashed 
lines  represent  data  for  conditions  at  which  the  stabilized  propane-air 
flame  first  showed  a  marked  decrease  in  its  wake  size.  Thus,  the  true 
pressure  of  blowoff  Pbo  plotted  against  qp  curve  for  very  lean  mix¬ 
tures  and  high  Reynolds  number  is  difficult  to  establish  precisely,  but 
it  probably  lies  very  close  to  the  dashed  line  mentioned  previously. 

From  the  blowoff  pressure  data,  blowoff  velocities  for  various  <V 

were  calculated  at  constant  pressure.  From  these  results,  blowoff  ve¬ 
locity  ratios  u/uq  (where  u  is  the  blowoff  velocity  for  a  given  pro¬ 
pane  concentration  and  flow  of  additive  and  uq  is  the  blowoff  velocity 
for  the  same  propane  concentration  with  no  additive)  are  obtained  ard 
plotted  against  concentration  of  hydrogen  additive  in  terms  of  percent 
concentration  in  figure  5.  For  the  three  futl  concentrations  compared 
at  constant  pressure,  the  lean  mixture  of  O.f;  cp  showed  the  maximum 
flame  stability  gain  of  over  fo’ir  in  terms  of  th*  blowoff  velocity  ratio. 

This  gain  decreases  as  ?  is  increased  to  1.1.  For  qp  of  0.9  and  1.0 
the  optimum  concentration  of  additive  ir,  about  2  percent. 


5 


Rote  that  the  stability  gain  Is  usually  less  for  the  higher  pressure,  or 
the  higher  Reynolds  number. 

The  fact  that  the  hydrogen-additive  effect  Is  very  dependent  up¬ 
on  equivalence  ratio  (being  especially  favorable  for  a  leaner-than- 
stoichiometrlc  mixture)  has  also  been  mentioned  previously  in  refer¬ 
ences  1  and  2.  This  can  be  explained  as  follows:  Since  the  Zukoskl 
and  Marble  flameholding  concept  (ref.  3)  indicates  that  flame  stability 
depends  essentially  upon  certain  conditions  prevailing  in  the  shear 
layer  (fig.  l),  the  blowoff  velocity  thus  depends  on  the  composition 
only  of  the  gases  flowing  into  the  shear  layer,  and  not  on  the  composi¬ 
tion  of  the  main  combustible  stream  mixture.  ^jus,  for  lean  mixtures, 
when  a  small  amount  of  hydrogen  Is  added  to  the  region  near  the  flame- 
holder  the  composition  of  the  mixture  flowing  into  the  shear  layer  is 
changed  closer  to  an  optimum  mixture  and  thus  blowoff  velocity  is 
Increased. 

Effect  of  hydrogen-air  additive.  -  The  hydrogen-additive  results 
indicated  that  the  effect  of  the  additive  is  very  dependent  upon  the 
r.tolchiometry  of  the  gases  entering  the  shear  layer,  and  that  addition 
of  hydrogen  to  fuel-rich  mixtures  will  decrease  stability.  Ibis  effect 
should  not  occur  if  air  la  added  to  the  hydrogen  ejected  from  the  flame- 
holder.  A  premixed  hydrogen-air  mixture  (49  percent  hydrogen  by  volume) 
was  used  as  the  additive.  The  results  for  two  Reynolds  numbers  are 
listed  in  table  II.  Figure  6  is  a  typical  plot  of  blowoff  pressure 
against  equivalence  ratio  for  the  two  types  of  additives.  The  minimum 
lr.  the  blowoff  pressure  curve  for  the  hydrogen-air  additive  is  observed 
to  shift  to  richer  mixtures,  as  expected. 

Effect  of  air  additive.  -  Vhen  hydrogen  la  ejected  from  the  flame- 
holder,  both  stoichiometry" and  the  chemical  T'^perties  of  the  mixture 
entering  the  shear  layer  are  changed.  In  order  to  simplify  this  situa¬ 
tion,  air  can  be  ejected  aa  an  additive,  since  then  only  stoichiometry 

is  changed.  Figure  7  shows  the  result  of  air  addition  to  the  propane- 
air  flames.  Two  effects  are  observed..  One  la  the  expected  shift  of  the 
minimum  blowoff  pressure  (corresponding  to  max  1mm  blowoff  velocity)  to 
richer  mixtures  as  the  amount  of  air  added  is  Increased.  The  other  ef¬ 
fect  is  the  increase  in  the  minlmm  blowoff  pressure  (corresponding  to 
decrease  in  maximum  blowoff  velocity)  as  air  addition  increases.  This 
second  effect  must  be  the  result  of  cooling  of  the  shear  layer. 

Effect  of  positions  of  additf  v  ejection.  -  Since  the  additive  ef¬ 
fect  on  Asms  stability  depend!*  1  ‘  ~  additive  entering  the  shear 
layer  fur  its  influence,  1 1  /v,  i  of  additive  ejection  into  the 
stream  nay  be  Important.  In  ordez  no  teat  this,  flame-stability  data 
for  two  other  ejection  positions  (side  (fig.  3(b)  and  downstream  (fig. 
3(c))  were  obtained  and  are  listed  in  table  XXX.  The  effects  of  the 
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three  positions  tor  1-  and  2-percent  concentrations  of  hydrogen  addi¬ 
tives  are  compared  In  figures  8(a)  and  (b).  The  effect  of  position  la 
snail  and  depends  upon  equivalence  ratio  of  the  main  mixture.  For  very 
lean  mixture  the  order  of  effectiveness  Is  as  follows*  downs  trews, 
side,  and  upstream.  For  rich  mixtures  the  order  of  effectiveness  is  In 
reverse  order*  upstream,  side,  and  downstream.  Thus,  for  maximum  Im¬ 
provement  of  lean  mixture  blawoff,  ejection  should  be  directly  Into  the 
recirculation  sone.  For  rich  mixtures  better  results  are  obtained  by 
ejection  Into  the  unbumed  gas  region  since  this  position  probably  per¬ 
mits  the  least  amount  of  hydrogen  additive  to  enter  the  already  fuel- 
rich  shear  layer. 


Recirculation  Zone  Length 

Saudi  flows  of  additive  would  not  be  expected  to  affect  the  recir¬ 
culation  zone  length.  However,  It  was  thought  best  to  eliminate  the 
possibility.  Consequently,  the  effect  of  hydrogen  additive  on  the  re¬ 
circulation  zone  of  some  propane-air  flames  at  various  gas  velocities 
were  Investigated  using  the  recirculation  zone  length  measuring  tech¬ 
nique  described  in  reference  4.  The  results  of  these  measurements  are 
shown  In  figure  9.  It  was  observed  that  the  length  for  a  l/2-inch- 
dl  sue  ter  flameholder  and  the  range  of  gas  velocities  of  150  to  300  feet 
per  second  were  nearly  Independent  of  gas  velocity  and  varying  amounts 
of  hydrogen  additive.  A  dashed  line  representing  a  length  of  1.7  inches, 
previously  established  for  a  l/2-lnch-dlameter  flameholder  In  the  same 
duct  for  a  propane- air  flame  (ref.  i),  Is  drawn  through  the  data. 


DZ9CUB8IQH 

According  to  the  Zukoskl  and  Marble  flameholding  concept  (ref.  3), 
continuous  Ignition  of  the  fresh  gas  from  the  gas  stream  by  the  hot  com¬ 
bustion  products  occurs  in  the  shear  layer  separating  the  recirculation 
zone  and  the  free  stream  (fig.  l).  Whether  or  not  a  flame  is  stabilized 
depends  upon  the  time  t  (the  ratio  of  recirculation  zone  length  to  the 
free  stream  velocity)  that  the  fresh  gas  resides  In  the  shear  layer,  or 
mixing  zone.  If  t  is  too  small,  Insufficient  fresh  gas  Is  Ignited  In 
the  shear  layer  to  maintain  flame  propagation,  and  blow  off  occurs.  Thus 
t  must  be  equal  to  or  greater  than  which  la  the  critical  tlr-  re¬ 

quired  to  maintain  flame  propagation  and  Is  the  ratio  of  the  recircula¬ 
tion  zone  length  to  the  blawoff  velocity.  The  Important  factors  affect¬ 
ing  flame  stability  are  the  recirculation  zone  length,  an  aerodynamic 
parameter,  and  a  chemical  parameter  tcz>. 

Since  It  was  previously  established  that  the  recirculation  zone 
length  is  substantially  Independent  of  gas  ejection  from  the  flompholder 
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the  effect#  of  additive  on  flame  stability  are  principally  chemical 
ones.  Thus  flame  stability  is  determined  essentially  by  the  additive 
affecting  the  gas  composition  in  some  thin  layer  adjacent  to  the  flas«- 
holder.  The  resulting  gas  composition  in  this  thin  layer  may  be  esti¬ 
mated  from  the  following  information t  (l)  effective  area  of  thin  layer, 
(2)  flow  rate  of  main  combustible  mixture  through  a  given  duct,  and  (3) 
flow  rate  of  additive  from  the  flameholder-  The  only  unknown  factor 
((l)  effective  area  of  the  thin  layer)  may  be  estimated  by  the  following 
method. 

Air  may  be  add'd  to  the  propane -air  stream  either  by  a  spray  bar 
located  far  enough  upstream  to  ensure  thorough  mixing  with  the  main 
stream  before  it  reaches  the  flameholder,  or  by  ejection  from  the  flame- 
holder  using  the  additive  technique.  The  equivalence  ratio  of  the  orig¬ 
inal  propane-air  stream  at  which  the  minimum  blovoff  pressure  (maximum 
blowoff  velocity)  occurred  will  shift  to  richer  mixtures  as  the  amount 
of  air  added  by  either  means  is  Increased.  For  a  given  equivalence- 
ratio  shi^t  the  amount  of  added  air  (cu  ft/hr)  from  the  flameholder  ma> 
be  compared  with  the  amount  of  "dilution”  air  (cu  ft/hr),  which  would 
have  to  be  added  from  a  spray  bar  at  some  upstream  distance  from  the 
flameholder.  Such  a  comparison,  based  on  figure  1 ,  is  shown  in  the  fol¬ 
lowing  table: 


Amount  of  air 

Amount  of  air 

r 

Iqui valence 

Calculated 

Ratio  of 

ejected  from 

ejected  from 

ratio  of 

dilution  air 

calculated 

flameholder , 

flameholder, 

to  cause 

air  flow  to 

"percent" 

cu  ft/hr 

blowoff 
pressure , 

^min 

Vn  Bhlft’ 

cu  ft/hr 

actual  added 
air  flow  | 

1 

I 

0 

0 

1.025 

0 

1 

.52 

9 

1.06 

339 

38 

1.05 

18 

1.14 

1065 

59 

2.00 

34 

1.14 

1065 

30 

2.95 

50 

_ 

1.30 

2590 

52 

average  «  45 

Thus,  adding  air  by  ejection  from  the  flameholder  is  about  46  times 
more  effective  than  the  method  of  mixing  sir  with  the  main  propane- air 
stream  by  means  of  a  spray  bar  located  upstream  of  the  flmwholder. 

(This  factor  of  45  observed  holds  only  for  the  1-  by  3-inch  duct  since 
the  calculated  dilution  air  to  cause  shift  in  the  preceding  table 

la  based  on  the  cross-sectional  area  of  this  duct.)  Consequently,  the 
effective  area  into  which  the  additive  gas  from  the  fl— holder  flows  is 
1/45  of  the  tunnel  area  at  the  flameholder,  or  O.OS6  souare  inch.  TTie 
effective  thickness  of  the  layer  on  each  aide  of  the  1/2-inch  flame¬ 
holder  le  about  0.028  inch. 


The  preceding  aethod  nay  be  applied  to  some  of  the  data  of  refer¬ 
ence  2,  In  which  propane  additive  was  added  to  a  propane -air  flame  in  a 
1/2-  by  2-inch  duct  using  a  0.2-inch-diameter  flameholder.  For  the  data 
of  reference  2  the  additive  effective  factor  was  162,  giving  an  effec¬ 
tive  area  of  about  0.006  square  inch  and  a  layer  thickness  of  0.006  inch. 
Thus,  the  layer  thickness  decreases  by  a  factor  of  five  when  the  flame- 
holder  diameter  is  reduced  from  0.5  to  0.2  inch. 

It  is  conceivable  that  the  effective  layer  thickness  is  related  to 
the  boundary- layer  thickness.  A  calculation  of  boundary- layer  thickness 
on  the  basis  of  reference  5  for  the  two  different-size  flameholders 
shows  that  the  boundary- layer  thickness  for  the  l/2-inch  flameholder  is 
about  ten  times  larger  than  that  for  the  0.2 -inch  flameholder .  This 
may  indicate  some  relation  between  the  two  kinds  of  layer. 

The  importance  of  a  knowledge  of  the  effective  layer  thickness  is 
that  it  can  be  used  to  calculate  the  gas  composition  which  governs  the 
stability  of  the  flame.  'Hiub,  the  flow  of  additive  which  yields  an 
effective  -as  composition  corresponding  to  the  highest  possible  blowoff 
velocity  can  be  calculated,  provided  that  the  effect  of  gas  composition 
on  blowoff  velocity  is  known. 

An  indirect  verification  of  this  method  ox’  estimating  the  effective 
gas  composition  <Peff  in  the  shear  layer  can  be  made,  based  on  the  fact 
that  at  constant  pressure,  the  critical  time  tcr  and  l/tff  the  recip¬ 
rocal  of  the  critical  flashback  velocity  gradient  vary  with  q>  in  ap¬ 
proximately  the  same  manner.  Reference  6  has  also  noted  the  proportion¬ 
ality  of  these  two  quantities.  This  might  be  expected,  since  they  are 
dimensionally  identical. 

The  procedure  used  was  first  to  calculate  the  effective  gas  compo¬ 
sition  5Peff  at  blowoff  for  various  flows  of  additive.  For  conven¬ 
ience,  blowoff  data  at  a  constant  pressure  of  0.55  at mo sp. ere  were  used. 
Then,  fre"  the  blowoff  velocities  and  the  recirculation  zone  length  (1.7 
in.),  values  for  the  critical  time  tcr  corresponding  to  each  effective 
gas  composition  were  calculated.  'Rxese  results  are  listed  in  table  IV. 
Finally,  varies  of  l/gf  for  each  effective  gas  composition  were  calcu¬ 
lated  from  the  data  of  references  7  and  B,  using  an  average  pressure  ex¬ 
ponent  of  1.05  to  find  gf  at  0.55  atmosphere.  Row,  if  the  effo.-tlve 
gas  composition  is  correct,  a  correlation  should  be  observed  between 
tcr  and  l/gf.  The  plot  of  tcr  against  l/fcf  shown  In  figure  10 
shows  this  to  be  true.  The  critical  time  la  equal  to  about  one-t.hird 
of  l/cf.  In  principle,  this  procedure  could  be  reversed  to  find  ap¬ 
proximate  blowoff  velocities  for  various  flows  of  additive  from  a  know 1 - 
<  ige  of  the  boundary  velocity  gradient  for  flashback,  the  recirculation 
z^ne  length,  and  the  effective  layer  thickness.  It  should  be  mentioned 
that  the  correlation  pint  of  figure  fail*  completely  when  a  mafcer 

tv i re  45  Is  used  as  the  effective  ;  •,  Indicating  that  the  effective 

fvt'r  f  45  f or  this  apparatus  has  been  established  to  within  about 
,150  percent. 
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The  foregoing  analysis  and  experimental  work  showed  that  small 
amounts  of  additive  can  give  a  large  gain  in  stability  limits.  In  ad¬ 
dition  this  study  demonstrated  a  method  of  predicting  the  effect  of 
additive  on  flame  stability  from  the  basis  of  a  fundamental  combustion 
property. 


SUMAFY  OF  RESULTS 

An  Investigation  of  the  effect  of  gas  ejection  from  a  flameholder 
on  bluff-body  flaw  stabilization  was  completed  with  the  following 
results : 

1.  Hydrogen  ejected  from  a  flaaeholder  is  very  effective  in  stabi¬ 
lizing  fuel-lean  propane-air  flames.  For  example,  the  blowoff  velocity 
at  0.5  atmosphere  for  a  propane-air  mixture  with  an  equivalence  ratio 
of  0.9  was  Increased  by  about  a  factor  of  over  four  for  a  hydrogen  flow 
of  33  cubic  feet  per  hour,  which  is  about  0.4  percent  (by  weight)  of  the 
propane  fuel  flow. 

2.  Hydrogen  ejection  reduces  the  stability  of  fuel-rich  flames. 

The  use  of  a  premixed  hydrogen- air  additive  improves  flame  stability  of 
even  fuel-rich  mixtures . 

3.  The  effects  of  adr  ejection  from  a  flameholder  are:  (a)  the 
equivalence  ratio  for  maximum  blowoff  velocity  is  shifted  to  richer  mix¬ 
ture  and  (b)  the  maximum  blowoff  velocity  is  decreased  depending  upon 
amount  of  air  ejected. 

4.  Varying  v*..-mnts  of  hydrogen  additive  ejected  from  a  flameholder 
Into  a  propan*  -air  flame  had  no  effect  on  the  recirculation  zone  length. 
Thus,  according  to  the  Zukoski  and  Marble  flameholding  model  the  addi¬ 
tive  Influenced  only  the  critical  time,  a  chemical  factor. 

5.  On  the  basis  of  the  air-ejection  results  a  method  of  estimating 

the  effective  gas  composition  in  the  shear  layer  adjacent  to  the  flame¬ 
holder  was  developed.  The  method  was  used  to  estimate  the  effective  com¬ 
position  for  hydrogen  addition.  The  critical  times  for  these  effective 
compositions  were  found  to  be  proportional  to  another  time,  which  charac¬ 
terizes  combustion  reacts ty,  the  reciprocal  of  the  critical  flashback 
boundary  velocity  gradleb-.  Thir  result  serves  to  confirm  the  method  of 
estimating  shear-layer  composition.  Furthermore,  it  suggests  that  the 
performance  of  fl— holders  with  additive  Injection  may  be  estimated  on 
the  basis  of  a  more  easily  attainable  fundamental  combustion  property. 


Levis  Rescan  h  Center 

Rational  Aeronautics  and  Space  Administration 
Clevelamd,  Ohio,  March  11,  1959 
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TABLE  III.  -  BLOWOPP  PRESSURES  FOB  PROFANE- AIK  FLAKES 
FOR  VARIOUS  HYOROOEN-ADDITXVI  CONCENTRATIONS 
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Figure  1.  -  Zukoski  and  Marble  flameholdiry?:  model. 
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Figure  3.  -  Flwrjeh*»l'ier8. 
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Equivalence  ratio,  p 


Flsrire  4,  -  Effect  of  hydrosen  additive  on  propar<e«*ir  flew?  •util¬ 
ity*  ’Jpe+reea  ln'ectionj  Peynoli*  nunher«  Rtn  velocity, 

V-P  fee*  per  second  e‘  a  pressure  of  1  a‘aoephere 


Blowoff  pressure,  P t  otm 
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Equivalence  rotio,  9 


Figure  6,  -  Caroerison  of  effects  of  hydrogen-air  and  hydrogen 
additive  on  propane-air  fleas  stability,  Reynolds  nusdber, 

6.5x1c4;  swan  velocity  of  236  feet  per  second  at  a  pressure 
of  1  atmosphere. 
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Fl<Wr*  *.  -  il** Ice  I"W«  Is-srths  f  —  /*ri confer, *rat1  ccs  cf  hyiroeec  additive  as  a  fu-.ctlon  of  malr  yas  v»Joe1*y. 


Reciproco!  of  critical  flashback  velocity 
gradient,  \/g  ,  millisec 
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Figure  10.  -  Co«perl»on  of  critical  tlae  te-  and  reciprocal 
of  critical  flashback  velocity  gradient  l/gf  valuta  for 
various  propane-air  alxturee  vlth  various  aaounta  of  hydro¬ 
gen  additive. 
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